We examined the effects of artificially altering leaf angle of the tropical tree species Acacia crassicarpa (A. Cunn. ex Benth., Fabaceae) on light interception, leaf temperature and photosynthesis in the wet and dry seasons of tropical Australia. Reducing leaf angle from the natural near-vertical angle (90°) to 67.5°, 45°, 22.5°and 0°greatly increased light interception and leaf temperature, and decreased photosynthetic activity. Compared with the 90°phyllodes, net photosynthetic rates in the horizontal phyllodes decreased by 18 and 42% by the second day of leaf angle change in the wet and dry seasons, respectively. The corresponding values for Day 7 were 46 and 66%. Leaf angle reduction also altered the diurnal pattern of photosynthesis (from two peaks to one peak) and reduced daily CO 2 fixation by 23-50% by Day 2 and by 50-75% by Day 7 in the dry season. In contrast, the xanthophyll cycle pool size in the phyllodes increased with leaf angle reduction. Thus, there are at least five major advantages to maintaining high leaf angle orientation in tropical tree species. First, it reduces excessive light interception. Second, it lowers leaf temperature. Third, it protects the photosynthetic apparatus against photodamage by excessive light. Fourth, it minimizes xanthophyll cycle activity and reduces the cost for xanthophyll biosynthesis. Finally, it enhances photosynthetic activity and helps to sustain high plant productivity.
Introduction
Excessive irradiance and high temperature can adversely affect photosynthesis (Demmig-Adams and Adams 1992 , Chow 1994 , Marenco et al. 2001 . To prevent photoinhibitory damage, plants have developed a variety of mechanisms that involve physiological adjustments in leaf morphology and anatomy, leaf biochemistry and photochemistry (Lovelock and Clough 1992, Havaux and Niyogi 1999) . The simplest and most effective strategy is to reduce or avoid excessive light interception. This can be achieved by a reduction in leaf size or by positioning the leaf blade parallel to the incident light to decrease the amount of light reaching the photosynthetic tissue (Demmig-Adams and Adams 1992, Robinson and Osmond 1994, Murchie et al. 1999) . A reduction in leaf size lowers boundary layer resistance and provides more effective convective heat loss to the surrounding air (Givnish 1987) . Vertical and north-south orientation of leaves enhances photosynthesis and reduces excess leaf temperature, water loss and photoinhibition (Ehleringer and Werk 1986 , Smith and Ullberg 1989 , Chazdon et al. 1996 , He et al.1996 , Poulson et al. 2002 . Old leaves of rice, which have a more horizontal orientation, suffer a greater degree of photoinhibition than younger leaves (Murchie et al. 1999) . In Macaranga conifera (Zoll.) Muell Arg., a high-light-demanding tree species in tropical rain forests, leaves at the top of the canopy are vertically oriented throughout the day (Ishida et al. 1999) .
High xanthophyll cycle activity may also play an important role in protecting the photosynthetic apparatus against photooxidative damage (Thiele et al. 1998 ). This involves a mechanism that protects thylakoid membrane lipids and the quenching of singlet excited chlorophylls (Havaux and Niyogi 1999) . The capacity to dissipate excessive light energy is correlated with the concentration of xanthophylls in photosynthetic tissues, which may vary with species, growth environment and leaf position and also diurnally (Thayer and Björkman 1990, Murchie et al. 1999) .
In tropical mangroves, near-vertical leaf angles, small leaf size and xanthophyll pool size also play an important part in reducing midday incident irradiance and maintaining leaf temperature within the range in which photosynthesis can continue (Chow 1994) . Reducing the leaf angle of the nearvertical leaves of tropical Rhizophora mangroves increased incident irradiance and leaf temperature, and decreased net photosynthetic rates (Lovelock and Clough 1992) .
We examined the effects of reducing leaf angle on xanthophyll cycle activity and daily photosynthesis in Acacia crassicarpa (A. Cunn. ex Benth., Fabaceae), a lowland Australian tree species that inhabits tropical environments of high solar radiation and temperature (Gunn and Midgley 1991) . The natural near-vertical (90°) phyllodes in trees growing in the field were artificially reduced to 67.5°, 45°, 22.5°and 0°, and their photosynthetic activity and xanthophyll concentration determined over a period of 7 days in the wet and dry seasons.
Materials and methods

Plant materials
The study site was located within an experimental trial at Howard Springs, 40 km south of Darwin (12°S; 131°E), Northern Territory, Australia. The experimental trial was set up as a complete randomized block with six replicates. Acacia crassicarpa was one of the species studied in the trial. Our study on leaf angle was done in May (late wet season) and October (late dry season) of 1996 and 1997. Two A. crassicarpa trees of comparable size were selected for study. Four sets of 10 young fully expanded phyllodes from different branches of the two trees were selected at random and forced into four different angles (0°, 22.5°, 45°and 67.5°) with wire holders on Day 0. Another set of 10 selected phyllodes was left at their natural near-vertical angle of 85-88°to serve as controls. For comparative purposes, the angle of the control phyllodes was taken to be 90°. Phyllode angle was measured with a hand-held Angle Meter (PRO Smartlevel, US patent 308644, Shanghai, China). All physiological measurements were made in situ on Days 1 and 7 after the phyllode angle had been artificially constrained.
Photosynthesis and chlorophyll fluorescence
Photosynthetic rates, photosynthetic photon flux density (PPFD), leaf temperature (T leaf ) and stomatal conductance (g s ) were determined with a Li-Cor LI-6200 portable photosynthesis meter (Li-Cor, Lincoln, NE). Measurements were initiated when CO 2 concentration in the 0.25-l leaf chamber approached ambient concentration. Air flow through the system was set at 300 µmol s -1 and humidity was regulated by adjusting the air flow through the desiccant tube. Measurements were made at 1.5-h intervals between 0730 and 1800 h or between 0900 and 1100 h for single point determinations. At least six measurements were made per treatment.
In situ chlorophyll fluorescence, F v /F m (F v = variable fluorescence; F m = maximum fluorescence), was measured on two phyllode segments per treatment per tree with a PEA (Plant Efficiency Analysis) meter (Hansatech, Kings Lynn, Norfolk, U.K.). A plastic leaf-clip (Hansatech) for the PEA meter was placed on each phyllode segment and dark-adapted for 30 min before determination. The measuring beam used for fluorescence measurement was applied at 80% of the maximum for 3 s.
Pigment analysis
Three leaf disks (3 × 1.77 cm 2 ) were removed from the mid-section of phyllodes in each treatment (unless stated otherwise) and immediately frozen in liquid N 2 in aluminum bags, and stored at -80°C until analyzed. Three frozen leaf disks (~100 mg total fresh mass) were ground in a mortar and pestle in liquid N 2 and 3 ml of cold 85% acetone. The extract was placed on ice for 20 min and then centrifuged at 10,000 g for 6 min. The supernatant was transferred to a fresh tube and the pellet re-extracted with a small volume (2 ml) of 85% acetone and re-centrifuged. The supernatant fractions were combined and filtered through a 0.45-mm syringe filter. Xanthophylls and β-carotene in the filtrate were analyzed (three replicates) by high-performance liquid chromatography (Model 3300, Varian Vistar HPLC system, CA; Spherisorb ODS-1 column, 150 × 4.6 mm) as described by Thayer and Björkman (1990) .
For chlorophyll determination, frozen leaf disks were ground in 80% acetone containing 25 mM HEPES (pH 7.5). Total chlorophyll (Chl) was determined according to Porra et al. (1989) .
Estimation of total CO 2 fixation
The total carbon fixed during the day by different leaf angle phyllodes was estimated by integrating the diurnal photosynthesis determined between 0700 and 1900 h. Results were expressed based on a 12-h day.
Statistical analysis
Data are presented as means ± standard errors. All data were subjected to analysis of variance (ANOVA) and Tukey's test using the Statistica Version 5.0 software package (StatSoft, Tulsa, OK). The t-test was used for simple comparisons between treatments.
Results
Effect of leaf angle on photosynthesis
Phyllodes of A. crassicarpa had a mean leaf area of about 55.6 cm 2 and a mean leaf angle of about 86.4°(data not shown). Figure 1 shows the effects of leaf angle on incident PPFD, T leaf , A net (net light-saturated CO 2 assimilation rate) and F v /F m ratio on Days 1 and 7 after the leaf angles had been fixed. For comparative purposes, the near-vertical leaf angle of the control phyllodes was taken to be 90°. Decreasing the leaf angle from 90°to 0°increased incident PPFD more than twofold and increased leaf temperature by 2-4°C (Figures 1a and  1c ). Thus the horizontal phyllodes had the highest PPFD and T leaf , whereas the vertical phyllodes had the lowest incident PPFD and T leaf . As expected, the increase in T leaf of the horizontal phyllodes was considerably greater on Day 7 than on Day 1.
A reduction in leaf angle decreased A net and the F v /F m ratio (Figures 1a and 1b) . Compared with control phyllodes, A net of horizontal phyllodes decreased by 33 and 66% on Days 1 and 7, respectively. The F v /F m ratio of the horizontal phyllodes decreased from 0.78 to 0.68 on both Days 1 and 7, indicating that the horizontal phyllodes suffered photoinhibition as a result of the increase in incident PPFD and T leaf . Figure 2 shows the diurnal changes in incident PPFD and A net at three phyllode angles (0°, 45°and 90°) on Days 1 and 7 in the dry and wet seasons. Leaf angle reduction dramatically altered the diurnal pattern and the magnitude of light interception. The bimodal pattern normally observed in the 90°phyl-lodes was transformed to a single peak in the 45°and 0°1 phyllodes in both seasons. The PPFD peaked twice at about 1030 h and 1500-1600 h in the 90°phyllodes but only once at 1030 h in the 45°phyllodes, and at 1230 h in the 0°phyllodes. However, the maximum incident PPFD in the more horizontal phyllodes was increased by up to 43%, which greatly extended the period these phyllodes were exposed to excessive irradiance.
Diurnal changes in incident PPFD and photosynthesis
Diurnal photosynthesis generally paralleled incident PPFD in both seasons for all phyllodes examined. The exception was Day 7 in the dry season when a bimodal pattern of A net was observed. Thus the control phyllodes had two peaks for photosynthesis, one at 1030 h and another at 1630 h, whereas the 0°a nd 45°phyllodes had only one peak each at 1030-1200 h. The minimum A net in control phyllodes occurred at about 1330 h coinciding with a decrease in incident PPFD. Overall, A net was considerably less in the 0°and 45°phyllodes than in the 90°phyllodes. The lowest photosynthetic activity was observed on Day 7 in the dry season.
The value of A net in the 0°and 45°phyllodes began to decline around midday when incident PPFD was at its maximum. This midday decline in A net began on Day 1 in the wet season and continued until Day 7 in the dry season. Part of the midday decline in A net in the dry season might be a result of stomatal limitations as reported for other tropical tree species (Eamus et al. 1993 ). However, the major limitations to photosynthesis were likely to be non-stomatal, particularly in the wet season when g s was high in these phyllodes (Table 1) . Table 1 summarizes the photosynthetic activity, leaf conductance, leaf temperature and chlorophyll fluorescence at different leaf angles on Day 7 in the wet and dry seasons. Generally, higher values for A net , g s and F v /F m ratio were determined for the wet season than for the dry season, with the 90°p hyllodes having the highest values and the 0°phyllodes having the lowest values. However, T leaf was highest in the 0°p hyllodes and lowest in the 90°phyllodes. Thus the highest T leaf and lowest A net values determined in the horizontal phyllodes in the dry season corresponded to photoinhibition.
Estimated total CO 2 fixation
Leaf angle reduction greatly diminished photosynthetic productivity (Table 2) . On Day 1, daily CO 2 fixation in the 90°p hyllodes was 48 and 101% greater than in the 0°phyllodes in the wet and dry seasons, respectively. These differences increased to 108 and 300% on Day 7. Intermediate values were obtained for the 45° phyllodes.
Leaf angle also affected the relative photosynthetic activities determined in the wet and dry seasons, as indicated by the value of the wet/dry ratio. The ratio did not change greatly between Day 1 and Day 7 in the 90°phyllodes, whereas the ratio in the 0°phyllodes increased substantially during this period. On Day 7, the wet/dry ratio of the 0°phyllodes was twice that of the 90° phyllodes on Day 1.
Effects of phyllode angle on chlorophyll and xanthophyll concentrations
Total chlorophyll concentration declined by only about 8% in both seasons when the leaf angle was reduced (Table 3) . Such a small decrease in chlorophyll is unlikely to be responsible for the photosynthetic decline observed in the 45°and 0°p hyllodes. In contrast, variations in leaf xanthophyll concentration were relatively large. The zeaxanthin pools in the 0°p hyllodes increased by 760% in the dry season, whereas epoxidation state (EPS, (V + 0.5A)/(V + A + Z), where V, A and Z are violaxanthin, antheroxanthin and zeaxanthin, respectively) decreased by just 30% compared with the control phyllodes. In the control phyllodes, the zeaxanthin pools were only about 7% of the total xanthophyll (VAZ) concentration in both seasons, indicating low xanthophyll cycling activity even in the dry season. By Day 7, the VAZ and β-carotene concentrations in the 0°phyllodes had increased to 60% of the value in the 90° phyllodes in both seasons. Figure 3 shows the diurnal changes in xanthophyll cycle intermediates, VAZ and EPS on Days 1 and 7 in the wet season. Unlike photosynthesis, variations in xanthophyll concentrations did not parallel diurnal changes in PPFD. There were large diurnal increases in concentrations of zeaxanthin and antheroxanthin in the 45°and 0°phyllodes compared with the 90°phyllodes, but these peaks occurred at about 1330 h, well TREE PHYSIOLOGY ONLINE at http://heronpublishing.com after the peaks in PPDF. The largest increase in concentrations of zeaxanthin and antheroxanthin was observed in the 0°p hyllodes and was accompanied by decreases in diurnal violaxanthin concentration and EPS. The 0°phyllodes showed the largest diurnal variations in violaxanthin concentration and EPS. By comparison, the diurnal variations in VAZ were relatively minor. Overall, leaf angle reduction greatly increased the diurnal de-epoxidation-epoxidation cycling of xanthophylls.
Diurnal changes in concentrations of xanthophylls
Discussion
Plants normally protect their photosynthetic apparatus from long-term photoinhibitory damage by reducing light absorption or by increasing the capacity for energy dissipation by increasing photosynthesis or xanthophyll cycling. Tropical mangroves use at least two mechanisms for adapting to high solar radiation (Lovelock and Clough 1992) . Rhizophora mangroves possess near-vertical leaves to avoid excessive light interception, whereas both Bruguiera parviflora (Roxb.) White & Arnold ex. Griffith and B. gymnorrhiza (L.) have horizontal leaves, but utilize a large zeaxanthin pool to dissipate excess light energy. Plants may also avoid excessive incident irradiance by increasing leaf thickness (thick cuticle and epidermis) as well as by xanthophyll cycling (Robinson and Osmond 1994) . The capacity for photoprotection corresponds closely with gradients in the light environment within the leaf anatomy and leaf movement (Pearcy 1987 , Lovelock and Clough 1992 , Poulson et al. 2002 .
Reducing the phyllode angle in the tropical A. crassicarpa from vertical to horizontal (Table 3 and Figure 3 ) greatly increased irradiance and xanthophyll cycle activities. This is consistent with the view that xanthophylls, particularly zeaxanthin, have a special photoprotective role (Chow 1994) . However, there are limits to the capacity of the xanthophyll cycle to protect against excessive irradiance, and when it fails, photoinhibition ensues unless the excessive irradiance is dissipated by other means. In the present study, we artificially reduced the leaf angle to increase light interception, so that the increase in endogenous xanthophyll cycling activity could not adequately protect the photosynthetic apparatus against photodamage. The problem was further aggravated by water stress in the dry season. Consequently, the photosynthetic capacity of the 45°and 0°phyllodes continued to decline with time (Table 2 and Figure 1) . By Day 7, the total CO 2 fixed per day in the 0°phyllodes had declined to a fraction of the value determined in the 90°phyllodes. Photoinhibition, as indicated by the rapid decrease in F v /F m ratio in both seasons (Figure 1 ), was the most likely cause for the observed decline in A net . Such photoinhibitory damage is associated with decreases in photosynthetic capacity and F v /F m ratio and a concomitant increase in xanthophyll cycle activity (Figure 3 ). This condition was further exacerbated by high water deficit in the dry season.
The results indicate the value and importance of photoprotective mechanisms for the productivity and survival of plants in the seasonally wet-dry tropical region of Australia.
Like Rhizophora (Lovelock and Clough 1992) , the nearvertical phyllodes of A. crassicarpa greatly reduced the amount of light reaching the leaf surface. Incident PPFD on these phyllodes was about 30% less than that determined in other tropical tree species with lower leaf angle orientation at the study site (data not shown). Furthermore, the vertical phyllodes had a bimodal pattern of diurnal PPFD interception that greatly reduced the period of excessive light interception experienced by the leaf (Figure 1 ). This simple mechanism effectively lowers light interception and leaf temperature and minimizes xanthophyll cycle activity. A reduction in light absorption could result in carbon and energy savings as a result of the reduced requirement for xanthophyll biosynthesis (Lovelock and Clough 1992) . Such savings may help to maintain or increase photosynthesis and plant productivity.
The view that vertical leaf angles help to increase and maintain plant productivity is supported by our findings for A. crassicarpa. Vertical leaf angles were particularly important in the dry season when conditions of high light and high water deficit prevailed. Reducing the leaf angle in these phyllodes decreased daily CO 2 fixation on Day 1 by up to 32% in the wet season and by 50% in the dry season (Table 2) . Because of increases in xanthophyll cycle activity (Table 3 and Figure 3 ), these horizontal phyllodes presumably also incurred an increased cost for xanthophyll biosynthesis (Lovelock and Clough 1992) . Thus high productivity in the vertical phyllodes could, in part, be associated with savings made as a result of low xanthophyll cycling and the absence of photoinhibition. The savings could be substantial over time and may have a cumulative effect on productivity and even survival in extreme environments. We speculate that vertical leaf orientation is an Values are means ± SE, n = 5. Leaf angles were artificially constrained on Day 0 and the natural leaf angle was taken to be 90°.
Parameters
Phyllode Table 2 . Estimated total CO 2 fixation in a day at different phyllode angles in Acacia crassicarpa during the wet and dry seasons. All estimated values were derived by integrating diurnal photosynthesis between 0700 and 1900 h from the data in Figure 2 . Results were expressed on the basis of a 12-h day. Leaf angles were artificially constrained on Day 0 and the natural leaf angle was taken to be 90°. Table 3 . Chlorophyll, β-carotene and xanthophyll concentrations and the epoxidation state (EPS, (V + 0.5A)/(V + A + Z)) on Day 7 at different phyllode angles in Acacia crassicarpa in the wet and dry seasons. Units for chlorophyll are µmol m -2 and for xanthophylls (VAZ), mmol mol -1 Chl. Values followed by different letters are significantly different at P < 0.05. Values are means ± SE, n = 3. Leaf angles were artificially constrained on Day 0 and the natural leaf angle was taken to be 90°. Abbreviations: V = violaxanthin; A = atheroxanthin; and Z = zeaxanthin.
Pigments
Phyllode (Doran and Turnbull 1997) reported for this tropical tree species. In the prairie shrub Silphium terebinthinaceum Jacq., an increase in intercepted PPFD during the morning and afternoon by vertical and north-south oriented leaves resulted in higher photosynthetic rates and water-use efficiency compared with leaves oriented in an east-west direction (Smith and Ulberg 1989) . Thus, vertical leaves are an important adaptation to survival as well as high growth in both the cold temperate prairie of the USA and the seasonally wet-dry tropical regions of Australia.
In conclusion, we identified five advantages of vertical leaf angle orientation in a tropical tree species: (1) it reduces excessive light interception; (2) it lowers leaf temperature; (3) it protects the photosynthetic apparatus against photodamage by excessive light; (4) it minimizes xanthophyll cycle activity and reduces the cost for xanthophyll biosynthesis; and (5) it enhances photosynthetic activity and helps sustain high plant productivity. LIU, XU AND WOO TREE PHYSIOLOGY VOLUME 23, 2003 Leaf angles were artificially constrained on Day 0 and the natural leaf angle was taken to be 90°.
